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1. OBJECTIVE/INTRODUCTION 

The objective of this work is to irradiate fully ceramic microencapsulated (FCM) fuel in the High Flux 

Isotope Reactor (HFIR) to (1) facilitate irradiation of novel fuel concepts and (2) validate potential fuel 

performance. The FCM fuel used in this study is composed of either uranium nitride (UN) or two phase 

uranium oxide and uranium carbide (UCO) kernels, each of which are coated with a tristructural-isotropic 

(TRISO) coating layer and compacted into a silicon carbide (SiC) matrix. The TRISO layers and matrix 

provide multiple barriers to fission product release. Five particles are placed into the matrix and, combined, 

are considered a single “pellet”. This fuel concept is a candidate accident-tolerant fuel (ATF) for use in light 

water reactors (LWRs) and advanced reactor concepts. The potential benefits of the FCM fuel concept 

include greater burnup, improved fuel reliability, and improved thermal performance. The UN particles used 

in this fuel concept are intended to enhance heavy metal loading to achieve sustainable LWR cycle lengths. 

These kernels were developed and produced under the Advanced Fuels Campaign (AFC) at Oak Ridge 

National Laboratory (ORNL) beginning in FY15 [1], and coating parameters for UN were completed in 

FY16 [2,3]. Production of very high-density TRISO-coated UN kernels was completed more recently in 

FY18. The experiment described herein is being conducted to provide basic data on the irradiation 

performance of these fuel pellets at relevant LWR temperatures. This report presents the irradiation test plan 

for this novel fuel concept. 

2. EXPERIMENTAL DESIGN 

2.1 HFIR EXPERIMENTAL DESIGN 

The HFIR experimental design uses the MiniFuel design as described in Petrie et al. [4] and summarized in 

the following section. Figure 1 shows a model of the irradiation targets and experiment facility. The design 

allows for the facility to accommodate nine targets, each with six specimen subcapsules. The capsules will 

be modified to accommodate a larger fuel volume by eliminating the molybdenum cup and modifying the 

tube geometry. Ultimately, each subcapsule contains a fabricated fuel pellet, a molybdenum tube, and SiC 

passive thermometry for use in post-irradiation evaluation of temperature. The temperature is controlled by 

varying the gas gap between the subcapsule and the target housing. Neutronics calculations will be 

performed to determine neutron and gamma heating rates in the fuel for predictions of the fuel burnup 

profile and for input regarding future thermal analysis. This activity is currently in progress. 
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Figure 1. Schema of the HFIR MiniFuel irradiation design from Petrie et al. [4]. For this experiment, a pellet 

with a SiC matrix will be used in the place of the molybdenum cup holding fuel kernels. 

2.2 PELLET FABRICATION AND COMPACTING 

Pellets will be fabricated using a method based upon a previously developed hot-press approach [5–7]. 

Three types of particles will be used: TRISO-coated UN particles of low and high density, and TRISO-

coated UCO particles, some properties of which are listed in Table 1. The UN kernels are from the batch 

prepared previously (FCM-4A-UN31K), details of which are available in Jolly et al. [3] for kernel 

fabrication and coating. The low density set of particles will be taken from the FCM‐4A‐UN31K‐02T 

batch prepared previously. Particles have an average diameter of 810 m [8].  

Table 1. Summary of particles studied and their coating layer properties.  

 
UN – low 

density 
UCO 

Kernel diameter (m) 810.4 425.0 

Density (g/cm3) 12.49 10.97 

Kernel theoretical density (%) 87.2 96.5 
235U enrichment (wt. %) 0.22 0.71 

Buffer thickness (m) 93 100 

IPyC thickness (m) 39 43 

SiC thickness (m) 30 36 

OPyC thickness (m) 42 41 

 

Particles will be coated with a SiC slurry prior to being pressed into a pellet. This low-viscosity slurry 

consists of three SiC powders of varying particle size (Nanomakers, France, Lot #12-SiC-122 with 

<100 nm grain size; 0.5 – 1 m H.C. Starck Beta-SiC Grade BF12-A; and US Research Nano materials 

2 m SiC powder) mixed with yttria-alumina as sintering aides suspended in ethanol. The powders are 

added at a ratio of 0.55 Y2O3:Al2O3. This slurry process has been modified only slightly from the 

previously determined recipe [6,7] to optimize adhesion to kernels. The purpose of this transient liquid 
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phase sintering of nano-SiC is to bond TRISO particles into the SiC matrix by densification using hot 

pressing. 

UN TRISO particles and the slurry are nano-coated using a method described by Terrani et al. [9]. In 

summary, they are coated using a custom-built rotating chamber heated to an average of 80 C using a hot 

air blower. The slurry is sprayed on the particles at approximately 1.25 ml per minute, and coating is 

assisted with an ultrasonic generator atomizing nozzle. Progress is monitored by interrupting the coating 

process to weigh the particles until the final desired weight is achieved.  

 

Figure 2. Schema of the apparatus used to hot-press fuel pellets. 

Once particles are coated, they are ready to be pressed into a pellet of 5.8 mm diameter and 2.8 mm 

height. The setup used for hot pressing pellets consists of a graphite die, a graphite sleeve, and graphite 

presses. The graphite sleeve is used as a lubricant to facilitate pellet removal after hot pressing and is 

disposable. The sleeve is placed inside the die, followed by 0.1 g of SiC powder, five coated TRISO UN 

fuel particles, and another 0.2 g of SiC powder. This whole die apparatus is loaded inside of a crucible for 

containment of radiological specimen as shown in Figure 2. A hole has been made in the lid of the 

crucible to allow for the press to go through, making the crucible secondary containment. Pellets are 

pressed using a Brew vacuum furnace hot press held at 1800 C for 30 minutes in -10” argon with a 

pressure of 9.5 MPa. An example of the final product using surrogate particles is shown in Figure 3. The 

final weight of the particles will be recorded and should be comparable to weights obtained in studies 

conducted by Terrani et al. [9], which had a final coating-to-particle ratio of 1.05 and a pellet particle 

packing fraction of 38 vol.%. The same process will be used with TRISO UCO, but due to smaller kernel 

size more than five particles will be used. A minimum total of 15 pellets will be pressed, 2 for each type 

per irradiation condition and a minimum of 1 of each type to be examined without irradiation. 

 

Figure 3. Example of one of the first pellets pressed: (a) pellet dimensions illustrated at 5.8 mm in diameter 

and 5 mm high (optimized pellets are only 2.8 mm high); (b) tomography image of the pellet showing six 

surrogate ZrO2 kernels along the central plane of the SiC matrix.  
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3. IRRADIATION TEST PLAN 

3.1 INITIAL TEST MATRIX 

This experiment will test high-density UN fuel that has been hot pressed into a pellet with a SiC matrix. 

The test matrix is summarized in Table 2. All fuels tested use natural or depleted uranium. All UN fuel 

was from the same feedstock (FCM-4A-UN31K) and will be tested at 500 C and at burnups of 1 and 3% 

fissions per initial metal atom (FIMA), which will correspond to approximately 3 and 8 HFIR cycles, 

respectively, as shown in Figure 4. These calculations will be re-run for the FCM specific setup to verify 

the necessary in-reactor time to reach the desired burnups. More details regarding fuel fabrication can be 

found in the previous section. 

Table 2. Test matrix for FCM irradiation experiment. 

Fuel form # pellets Target temperature (C) 
Target burnup  

(% FIMA) 

TRISO-coated UN0.75C0.25 kernels (low density) 2 500 1 % 

2 500 3 % 

TRISO-coated UCO 2 500 1 % 

2 500 3 % 

 

 

Figure 4. Calculation of the number of HFIR cycles required to reach certain  

fuel burnup rates (Used with permission from Petrie et. al. 2018 [4]). 

3.2 POST-IRRADIATION ANALYSIS 

Deconsolidation of the irradiation capsules will take place in the Irradiated Fuels Examination Laboratory 
(IFEL), a hot-cell facility at ORNL. Post-irradiation analysis will be performed in both IFEL and the Low 

Activation Materials Development and Analysis (LAMDA) lab at ORNL. Fission gas release is not 

expected but gamma spectroscopy measurements will be taken on the samples. X-ray tomography will be 

used to examine the integrity of the coating layers. Dimensional inspection and microstructural 

characterization will be conducted in LAMDA. Depending on the state of the fuel, further studies will be 

considered. Initial studies on nonirradiated samples are currently being conducted to establish a baseline 

for comparison to the irradiated specimen. 
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4. SUMMARY AND CONCLUSIONS 

This report summarizes the irradiation plan and fabrication of fully ceramic microencapsulated particle 

fuel in SiC matrix pellets. This experiment is based on a recently demonstrated design concept for 

miniature fuel irradiation experiments detailed in Petrie et al. [4]. The experiment contains three TRISO-

coated fuel forms pressed into a SiC matrix. The intent is to evaluate the samples post-irradiation to 

determine swelling, fission gas release, and microstructural evolution as a function of burnup. The data to 

be obtained from the post-irradiation examination will be used to support the evaluation of the FCM fuel 

concept for LWR applications to ultimately improve accident tolerance and operational efficiency.  
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